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Hemodynamic analysis of two-phase blood flow in the left coronary artery

YIN Yan-fei*, LIU Ying', ZHANG De-fa', WANG Meng-hong?
1. School of Mechatronical and Electronic Engineering, Nanchang University, Nanchang 330031, China; 2. Depart-
ment of Cardiology, First Affiliated Hospital of Nanchang University, Nanchang 330006, China

Abstract: Objective To provide the technical condition and research method for the pathogenesis of cardiovascular disease by
analyzing the relationship between hemodynamic characteristics and the formation mechanism of atherosclerosis from the
perspective of interdiscipline. Methods Three kinds of the left coronary artery model, Newtonian blood model, non-Newtonian
blood model and two-phase blood model, were established. Computational fluid dynamics method was applied to carry out
transient numerical simulation for the blood flow in the left coronary artery. And the effects of blood flow velocity field, wall
shear stress distribution and the flow characteristics of red blood cells on the formation of atherosclerosis were analyzed.
Result Hemodynamic characteristics of three kinds of the left coronary artery model in a cardiac cycle were obtained.
Conclusion The outside of circumflex artery bifurcations and obtuse marginal proximal ends of the left coronary artery
appears many low-speed eddy zones where both wall shear stress and red blood cells volume fraction are smaller, providing a
suitable physical environment for the formation of atherosclerotic. Compared with Newtonian blood model and non-
Newtonian blood model, the flow characteristics of red blood cells in two-phase blood model has greater influences on the
hemodynamic characteristics, such as blood flow velocity and wall shear stress. So the two- phase blood model is more
conformed to the actual situation of blood flow.

Key words: two-phase flow; left coronary artery; hemodynamics; red blood cell

U NS A R O LB 2 — o IRASE RS
T, FRGF RO 08 R 2 2.9 42N, Herp AR
B KA A A 5 LS 8 ke i o IR S8 3 B o L9118
R, i HHAE T 3 L4 4F 5.05% Y - TR 15 ™
e AL P o FE P P T el RS BRI A P9 AR i R A A
AL, DT E Sl JULZR B e L | iR SR A, e ¢

JEE IR 0 K 46 A A A 5 | R ) et A JUFE 2 ™

[ 5 H #7)2015-06-11

[E£TE |HZK [ AR ESL4(51165031)

(16 A Db €(1992-) Wit , AT HLOT EC i 3 ) 24T 5%
Tel:15270995101 ; E-mail: yfyin_ncu@126.com,

[BME1EF 0 %2(1957-), 14, 002 A S0, R gE i . 36

THI/S T R PR AR A B R SR TR P . el 0791-
83968875 ; E-mail: lyingncu@163.com,

S PRI i 10 A A B TR A — b 1 ™
5 UE 52 AR ML 37 00 e v A9 I A ik 2

CHINESE JOURNAL OF MEDICAL PHYSICS, Vol.32, No.6, November. 2015



JEeH &, A, ZE IR N PTAR L 3h 712708

-821-

B, i A BE A2 B AR YN )5 R 1 S 2R L
A 2 355 Bl KNS R A L S 1 A B O A
HERYILFRY, Tomaiuolo™ 34T 1 L1240l i sh 5
Xt B 20 L AL Y S, A BRAL AR AR i sl i A
7 AR Y R 3 3 - A B A 2 45 R A A
DI A o XUAEAEPR AT A S 20 k0 T A
AR Sl kA Al A 0L R 8, A BRLAE 73 SR BE T
FEAEARH I3 3L X, T L322 DX S8R 2 T i s ik ok e A
PeBESe . FRTVF 225 35 08 MU0 8 BEA TR AL S B
VAT 7% FE LT A MR SRR L 80 1~ R R 52
M o SPR 17T 250 K L 80 HH 0 A D P 9L S A P 2 S i L
R FNBE DIV 3 oA, % LA N AR B TS
JEAA WA,

AR SCULZE TR Bl Dk A 58 % G2, B A
A 3z BRI T5 5 2 M 2 e AR Sl ik A 194 1t 3
SRR, 5 A ORI R A B B SR EE , e B P
AR LIRS 2 el ARSI K A L I8 4 52 i AR 3 1ML T
T sl -5 B ook AR AR A BUPIL BRI A5G R, o
PRSI ik r e P IR 119 s HIL B i R AR S5 1
WF5ETT ik, IR AR R it — % B BT .

1 MRS

1.1 =8

1.1.1 AR BkJLAMHEED R H Pro/E5.0 #1375 A
A A e Bl ki 52 U AR ) LT S 8000 22 5 4R 3l kR
A, AL 35 e 32 3T 0 v (Left Circumflex Artery,
LCX1) . [nl Jiig =7 32 .0 9 (LCX2) il i 2% 57 (Obtuse
Marginal, OM) IfiL 3, 4n& 1 fi7R . LCX1 A AR
J34.0 mm, LCX2 F1OM Hi AR N A24351 4 2.7 mm Al
2.6 mm, 4k 4 5k 4.56° . 2.71°F11 2.86°, JLfa] dA
I RE RS IR SR M

1.1.2 LIARARAERY i 32 %2 i iR 5 i 20 A 4L A
Horp 245 9596 1 40 A R 2T A A Sh Ik i 3 H 2T 40 i
JEAR/NS S, A IBRE 2L g 22, 520U 5] 25
AR o A S 214 A SR FHOSUMT 5] 5 R RO 21 4t i
BRI e /N AR R 6 pm, e K EAR N 9 pm, S H
48 pm FRifEZE R 1 pm, A LL AL S S 800 B
KA AR 1.891, F LR KFE RN 1.316, HiE X

TR
/= % X 100% )
bx
S,
£= 3= X 100% @)

by

S A B MR, Al [ BB P

hEEZWIBFERE 201£118 $£32% $6iH

LCX2

1 EERHIEE R A R/ R E
Fig.1 Left coronary artery model and positions of feature

points and lines

T FR ; SNSRI T FR, So AR IRAA K I AR
1.2 A%

BUE# AR 0 AT 4508 s, 41K 410 ms,
S FH Nichols 253 s 52 56 75 114 e bR 2 ik it 37 8 1
YRR IR TR, AnTE] 2 i IR ANZT AR AR
R A TR, TR AR R 7 S 2R R I 4
R 1T NI TG B, 220 I AR RE s ) I 4 il
LR = AR 2 i 811 Navier-Stokes 7 F20,

70

60

50

40 &

Inlet velocity (mm/s)

30 &

20 &

L i L i i i I
00 01 02 03 04 05 06 07 08
Cardiac cycle time (s)

B2 NOEE
Fig.2 Inlet velocity

p(%—l:+u'Vu)=V'T—Vp 3
Vu=0 (4)

o ok MRS B, p T, T oy gttt pohy i
K,

I F§ ANSY S-ICEM Xif 22 56K 2l ik J LA A5 50 18 1 7
RIS 5 o AR A2 TR S i



-822 -

JEeH &, A, ZE IR N PTAR L 3h 712708

R I14) 3 ik T R P 320 7 288 ) = e A A K1) 4,
BN RE R 5 R R 1.2, PR i #5 A8
R4S T KT 0.4, 32 FH ANSYS-CRX X W 22 i
AR SASRLIEA T I8 SR S AR

a. A AR AR (NAEAY ) Il A a3 AN T]
FEAR M ZEE AR MR AAR . M Sk 1050 Kg/m®, Rl
>4 0.004 Pa-s™,

b. =l A 1 i A 7R (F S EY ) i Y %% )3 >l 1050
kg/m?, Ifil ¥ 2k J A 7 g Carreau- Yasuda #5001 Hips
RIFIR R

p=p+ (o= )L+ ()] (5)
b wh sl 2= R B AR BT DI B po 1S BT U6 B
435124 0.022 Pa-s10.002 2 Pa-s, i) # %N 0.110 s,
F&H0z Fin 43514 0.644 F110.392 , v B VI AR R

c. WA IR A AY (T AR ) < L 158k Pl I (3
AE) LT A AR ) 2E 8 i) R AR e 4, JHE v ot S Rzt
A 0 PR AR 4 40 1) Sk 55% 145%™ i 3 % i
4 1030 kg/m?, ki £ 4 0.003 5 Pa- s, 1M 21 4H it 2% 2 Hy
1090 kg/m?, ki FE >4 0.017 5 Pa- s, 2T 2 Jifa 455 41 15 B
ANSYS-CFX H1#J Particle Transport Solid #& % , J-#2
PELT A R BRI AT S 8008 o FF INR I B
T P 21290 5 0 A R ) R R A 5 4 SRR Rl AR L 22
W LT AL 5 0l 3 =z 1) 49 e B B J VR

2 ER55%

FEBOF BT AL B R BT R . B
e AR B bk L 7 A RRAE A 3 AR AR AR LR, N Rl L
MRo MpL.p2435Ik OM FILCX2 IMLAE i ot — s s o5
p3.p4 1 p5 43 A [T i 32 (LCX) FMINEE T} | — 555 55
P6..p7 4373y OM 3T .U i PR A i &/ MR 1T - — o575 2K
L1 A LCXL i Covi sh kAT - — 2% H &k s 4k L2 L3y

127 OM HI LCX2 3z 0o g sl K A T ) — SR 2R o
2.1 MiRiEE

Pl 3 Ay 5l JEI U0 P T A 76 g o, 3 3 8 9 4k L
P P AT AR 04 A (4 (0.14 ), B ik IfiL 37 32
K, LCX J3 AL HMill (p4) 1 OM L3 M (p7 ) B Il
T TR A /0N o AF I3 D 5 (0.26 s ) , IfiL 3t 13
Bt A 11 3B P93/ T 28 T sk /), LCX2 T OM A Il
L SN RO oA i B K . LCX 43 X
b (p4) F1OM 035 (p6 . p7 ) A 4 LA s P ZIMI ) 1.
T AR 22, H MU AR I R4S DX 19 o
/DN | 2% X 3 A P I B AR Ak 5 S B I ) 7
ZEL, A P B A A ARER )T Il BEBR 4 T2
A, A SR A1 (0.34 s) , IfiL 37 3R R 2R/,
P4 il p7 Ak B I 91378, T2 B ARC o 3o 3 DX, AEC i
L DX ML 38 9 26 A A 9520, AR, B s 1l i 3 3
FIASIE I H BB TR 75 % I/ INBR T P 1Y
TR RIT DAY 12 200 O A i Y P 30 9 %) B Bk ok R B Ak
PR3 22, S 5400 20 Bk oy A R b BXE e 1) D I 4 43t T
S0 FEET IR I 1 (0.38 5) , I 37 4 )3 35 B 4T 5K
G, I B A A #0345, LCX 43 SLAR Al (p4 )
T OM LSt AMIN (p7 ) R A AER S 368 37 IXC 31 2, (L.
T AN 50 ShEFSKIAH L, O SR 1
i 370 88 A AR T W A, I R A A AN 2, LCX
43 XARAMI (p4 ) AT OM 3 L3 AMIN (p7 ) H B ARk
T3 It DX T AR, XoF Bl K oS A BRE BRI o5 1) 5 i 4,
L3N

] 4 Sy 3 FhABETRY v R BAIE A5 p T p2 14 i 38 8 32
2k H R AT, 3 IR B Il 3 R AR A R A —F
LCX2(pL) H (A M 37t 1 )% HE OM (p2) Ko X LCX2
(pL) , N AL F AR AL f) i 7038 5 AT, TSR 194 I 37
W /N, 3T OM(p2) , FASLTRL A4 1fi 77 3 J3E ek, N

t=0.14 s

t=0.26 s

t=0.38 s

[ 3 Mk & i im 2k E
Fig.3 Blood flow velocity streamlined diagram

CHINESE JOURNAL OF MEDICAL PHYSICS, Vol.32, No.6, November. 2015



JieH &, A5, ZE bR N PTAR L 3h 71270 Hr

-823-

PRI 2, TSR /0N, HAE IR0 080 FH BRI 6T 7k 0
(ELIDY, TR ) I 0 AR A B, TR TR
R B I3 L IX., MLV MDAt PR G SEBH 2, LIt i 2
Bk

120

=
o
o

D
o

Blood flow velocity (mm/s)
3

Cardiac cycle time (s)

B 4 oCNh ) HA A I 558 b

Fig.4 Blood flow velocity curves in the cardiac cycle

2.2 EmEYIN A

(&1 5 Sy 3 AR 7 v 2% R AIE A5, %) BE 1T VTN g il
2o tHERTHL, OM T P (p6 ) FA) BE [T ) 17 ) 4%
K, LCX1 1 LCX2 i #M (p3 . p5 ) BETHI 1] 1 J3 AHIT
LCX 43 X AL AM (p4 ) T OM 3T O Jiig M (p7 ) (1) BE i
VIR F3 85 /N o L300 10, B 1 D) 7 ) o i 3 3
JEE R ORI 1 A, B T B D) R AR 5 7 I 9 Dk A0, e
1 55 ) 7732 80N | I A6 O Sl IS R A K e /ML
FELBNET A, O MEAL FEF KRS A P Tk IF R
BOE R, BE YN ) kA 58748 5 A6 0 B BT ik I
1, B 1T 7 B L 9 R 3 KB IR R AR 0 B
EPSRAIA , BE W VIR ) 2N TR . 50
Bl EF Sk A L, O I W0 R0 BE 1T D) N ) A8 Ak B
FRIVRE THT 5 V) 3 340K, 450 ) A B THT PN 200 i 285
¥4 5 Ty, Xof 45 BE AT I A SRERTE J B SR MR 3 K

XF b N | AU T AR ] 6T, NS 7R T F A
TP R T ) 1 ) AR b B — 3, TR (%) B T D g
AR 2, HIR LR ZhIR 4 . 76 OM I Lo s N
M (p6) , 3 FhALE Y (14 BE T LI 7 3 /A, 5 N AR Y
T ASERUAR Lb, TSR %) B 1A 1) 1 ) A I 37 Dk ke 30
O BT 5K S0 24 1 AR X A e 3, AR R R R R/
TE LCX1 HILCX2 (1AMl (p3 . p5) , F AR Y [ B HT 1) 7
TR, TR Z  NBRE /N, #E LCX 4 XAk 4k
M (p4) F1 OM I Loy M (p7 ), FASEHY (R BE T VT )
B, NSRRI T AR 7R () B T D7 g AHGET L 5 N AR

hEEZWIBFERE 2014£118 $£32% $6iH

Wall shear stress (Pa)

L L 1
0.0 0.2 04 0.6 0.8
Cardiac cycle time (s)

a: Newtonian blood model

3.2
—a— 13 [F)
2.8 =t ] [F)
24k ——pd (F)
— & —w— il [ F}
& 20k —e=—p7 (F)
g .
@ 16F
8
& 1.2F "
= g I".'n
= 08 & [
04 r p——— s ——
0.0k i i i
0.0 0.2 0.4 0.6 0.8
Cardiac cycle time (s)
b: Non—Newtonian blood model
3.2
28 —=—nd (T}

Wall shear stress (Pa)
=
[e)]

-4
r\:— I_—-v—-t-—.?"-‘,.?- -

0.0 0.2 0.4 0.6 0.8
Cardiac cycle time (s)

c: Two—phase blood model

[ 5 [ & BEE ] Rz 77 i 2%

Fig.5 Wall shear stress curves

I FRETRUAR BE , TSI A BE U] I 0 70 S AR Y]
ARG G KO S, BETT VI ) 3 A B A2 2, PR Oy TS
B HE B AR o U DX, JHL L U 3R AR, I 2L
SR PO LT AR 23115 A RE AT R
JEE T IS FRS R

R LA L s 70U 5l Jo 5T P A~ 22 B T 7] )37
T PR PR BE D) R 7 BK i NS AN T 45
TR 8- 24 BE v 1) T3 AT DR O A I 30 AT
T ) 0 378 5 0 A A/ BRSSP AR K, e



- 824 -

JBEHR, A5 ZE IR KN PTAR I 3h 1270 W

DATE Mg b R v O 3 AN 0B 5 45 BE O A R 4 T O ol
BB DD 0 S Ak . LCX BETAT (p3.pd 1 p5) Fh Y
S-S5 RE 1T U 1 ) AR A i i KA 0.603 Pa, Hirft, LCX
53 SUAL S (pd ) f4) BE T 1 13870, H/NF 0.5 Pa,
FEARBE IR SR TR I3 v oK 53— 5 BE T AN By
JEE 482 5 Rl A1 ol RE 4 DR 4 DA G, 1 A8 L

240 A A S B S AL L/ NS R RO O AR B
B, A sl R S R B A B 9 R AL 1 2% R T
AL A LR OM L 3iig BE TT (p6 \ p7 ) A4~ 42 BE i
I A48 Akt KAy 1.363 Pa, He AU RE T U1 )
AR Al e R 15D I RO 5 U R A KL
—H

F1 EFERCH BN FHEELIN S (Pa)

Tab.1 Average wall shear stress of feature points in the cardiac cycle (Pa)

Model p3 p4 p5 p6 p7

Newtonian blood model (N) 0.575 0.157 0.572 1.446 0.152
Non-Newtonian blood model (F) 1.066 0.463 1.049 1.554 0.525
Two-phase blood model (T) 0.557 0.128 0.622 1.446 0.103
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